The controlling plastic deformation mechanisms (i.e. slip or twinning) and the structural crash performance of Mg alloys are strongly influenced by loading mode, texture and microstructure. This paper summarizes the main results from an experimental program to assess these effects for commercial Mg alloy extrusions (AM30 and AZ31), sheet (AZ31), and high pressure die castings (HPDC, AM50 and AM60). Uniaxial tensile and compressive tests were performed over a wide range of strain rate and temperature (i.e. 0.00075e2800 s À1 and 100 C to À150 C) using conventional servo-hydraulic and high-strain-rate universal test machines and a split-Hopkinson-bar (SHB) apparatus. In primarily-slip-dominant deformation, the true stressestrain curves showed approximate power-law behavior, and the effects of strain rate and temperature on yield strength could be approximately described by constitutive equations linearly dependent on the rate parameter, Tlnð5:3 Â 10 7 =_ 3Þ where T is test temperature in Kelvin and _ 3 is strain rate in s
Introduction
Magnesium and its alloys have hexagonal close-packed (HCP) crystal structure and activation of several variants of both slip systems and twin systems is required for an arbitrary shape change. Dislocation slip in HCP crystals includes both basal and non-basal systems. For Mg and its alloys, the critical resolved shear stress (CRSS) of basal slip is less affected by strain rate and temperature than non-basal slip [1, 2] , especially for pure magnesium [2] . Deformation in c-axis tension may occur by tensile f1012g twinning and in c-axis compression by double twinning e.g. Refs. [3, 4] . The critical stress to activate tensile twinning is lower than that for compression twinning e.g. Refs. [5, 6] . Experimental work has shown that plastic deformation of Mg alloys can be slip-dominant or twinning-dominant depending on loading, texture and microstructure e.g. Ref. [7] . The effects of strain rate and temperature on yield and flow stress, as well as the structural performance under crash conditions, are strongly influenced by the controlling deformation mechanisms and therefore by loading mode, texture and microstructure.
To quantitatively investigate these effects, an experimental program in a collaborative three-country project on Magnesium Front-End Research and Development (MFERD) [8] was undertaken for commercial Mg alloy extrusions (AM30 and AZ31), sheet (AZ31), and high pressure die castings (HPDC, AM50 and AM60) over a range of strain rate and temperature. The results form a database for crashworthiness design and simulation, material selection and development of constitutive equations.
Materials and procedures

Materials
Five commercial MgeAleMn and MgeAleZn alloys were used, including thick AM30 and AZ31 extrusions (section thickness 22 mm), 2-mm thick AZ31 sheet, and 3-mm thick AM50 and AM60 high-pressure die castings (HPDC). Details of chemical compositions, microstructures and textures of the AM30 and AZ31 extrusions are reported elsewhere [9e11]. For comparison, nominal compositions of AM30, AZ31, AM50 and AM60 are given in Table 1 . The wrought Mg alloys had relatively uniform grain sizes as shown in Fig. 1a for AZ31 sheet while the HPDC alloys exhibited very fine grains near the die-skins (Fig. 1b) and grain sizes in the center of about 23e35 mm (Fig. 1c) .
Wrought Mg alloys are usually textured owing to the predominance of basal slip during processing. Textures in the test sections of the extrusions were determined [9, 11] and showed that the c-axis was parallel to the transverse direction (TD). The textures in the extrusions are schematically shown in Fig. 2a (note that ED in Fig. 2a refers to extrusion direction) .
Textures of the AZ31 sheet and HPDC AM50 and AM60 alloys were not experimentally characterized in this work. However, it is known that Mg sheet has pronounced texture with the c-axis perpendicular to the rolling plane (Fig. 2b) e.g., Ref. [12] (Note that for sheet material RD refers to rolling direction and TD to transverse direction). HPDC Mg castings usually have random texture [13] .
Specimens
For tests using a conventional servo-hydraulic test machine, extrusion tensile specimens were round tensile "dog bones" with a gauge length of 25.4 mm and diameter of 6.34 mm and compression specimens were cylinders 19.1 mm in height and 6.35 mm in diameter [9, 11] . For the sheet and HPDC alloys tensile specimens were full thickness with a gauge length of 25.4 mm. For tests using a high-rate test machine, tensile specimens were flat "dog bones" per ASTM D 638 Type V, with a straight and parallel section of dimensions 3.18 mm (w) Â 9.25 mm (l ) Â 2.4 mm (t). Compression specimens were flat rectangles with dimensions 9.52 mm (w) Â 33.5 mm (l ) Â 2.4 mm (t) [8] .
For tests using a split-Hopkinson bar (SHB) apparatus, extrusions tensile specimens had a gauge section of 8 mm and diameter of 4 mm. Sheet and HPDC alloys specimens were full thickness with a gauge length of 8 mm. Extrusions compressive specimens were cylindrical with length of 6 mm and diameter of 10 mm.
Testing
Uniaxial tests were performed using a conventional servohydraulic test machine and an environment chamber in wellcontrolled test conditions over a range of strain rate and temperature (i.e. 100
C to À150 C and 0.00075 to 9 s À1 ) at CANMET-Materials Technology Laboratory (CANMET). Uniaxial tests were also carried out using a high-strain-rate test machine at room temperature and strain rate from 10 s À1 up to 800 s À1 at the University of Dayton Research Institute (UDRI). In addition, split-Hopkinson bar (SHB) testing tasked to the Shenyang University of Technology (Shenyang) was employed to achieve even higher strain rates from 500 s À1 up to 2800 s À1 at room temperature.
Results and discussion
Orientation and loading effects and deformation mechanisms
Tensile and compressive properties at room temperature of the five Mg alloys are reported in Table 2 .
The dependence of flow strength and deformation mechanisms on orientation and loading mode shown in Table 2 and Fig. 3 result from the textures and twinning asymmetry in the alloys and are reflected in the shape of stressestrain curves. In this work, these effects can be best illustrated in tensile and compressive tests of the extrusions in both ED and TD directions. Fig. 3 shows true stressestrain curves of the AZ31 extrusion; similar results were obtained in the AM30 extrusion [10] . Tensile deformation parallel to the basal planes was slipdominant, such as for the extrusion specimens taken along the extrusion direction (ED) (see Fig. 3 and [9,11] ). In slipdominant deformation, the true stressestrain curves of Mg alloys showed approximately power-law behavior. Note that for tensile loading along the ED of the extrusions, stress is applied almost parallel to the basal plane, the stress on the basal plane is near zero and therefore, the slip is non-basal (i.e. prismatic or pyramidal slip); the stress levels are accordingly higher than for basal slip.
For the extrusions, for tensile TD and compressive ED tests (twinning-dominant deformation), stress increased with strain sigmoidally (Fig. 3) . This is consistent with the known characteristics of the "basic" f1012g twins producing tension strain. The compressive TD specimens exhibited flow curves For the sheet specimens loaded along the rolling direction (RD) and transverse direction (TD) (Fig. 4a) , the stressestrain curves showed approximate power-law behavior and the deformation mechanism was slip-dominant. The texture is responsible for lower yield strengths in RD samples than in TD samples e.g., Ref. [12] . High pressure die castings usually have random textures and fine grains. The slip mechanism was important or dominant in the Mg die castings. The true stressestrain curves of HPDC AM50 and AM60 alloys, displayed in Fig. 4b , can also be approximated as power-law behavior.
Effects of strain rate and temperature
Dislocation-slip-dominant deformation
The rate-sensitive yield strength data from the conventional servo-hydraulic test machine were analyzed using dislocation thermal activation theory (twinning activity is considered to be athermal) e.g. Ref. [9] to derive empirical constitutive equations. In order to validate the constitutive equations, data at higher strain rates using the high-rate machine and the SHB apparatus related to crashworthiness applications were compared to the predictions from the constitutive equations.
For crashworthiness design and simulation, the whole stressestrain curve is needed. The flow strength of dislocation-dominant deformation of Mg alloys can be expressed as an athermal component (depending on strain and microstructure) and a thermal component (depending on strain rate and temperature) as s ¼ s ath þ s th ¼ s ðquasiÀstatic;100 CÞ þ s th ð1Þ
The athermal stress can be taken as that measured at 100 C and quasi-static rate and the thermal stress as a function of the rate parameter Tlnð10 8 =_ 3Þ which is determined from yield strength values measured over a range of strain rate and temperature.
For dislocation-slip-dominant deformation, the thermal yield strengths (i.e. measured yield strength minus the athermal yield strength s ath measured at quasi-static rate and 100 C) as a function of the rate parameter are shown in Fig. 5 . As the temperature decreases and/or strain rate increases, the rate parameter decreases and the thermal component of strength increases. The thermal yield strengths of the Mg alloys could be fitted linearly to the rate parameter; the equations in Fig. 5 represent best linear fits. The constitutive equations are given in Fig. 5 including the athermal yield strength values in figure captions. The apparent activation volume of the thermally activated process could be evaluated from the slope dðTlnð_ 3 0 =_ 3ÞÞ=ds [9] and ranges from 11 to 38 b 3 (where b is the Burgers vector for magnesium) for the Mg alloys.
The constitutive equation for tensile ED of the AM30 extrusion was compared with the tensile data using the highrate test machine and displayed very good agreement. Stressestrain curves obtained using a conventional universal test machine (strain rate range 0.00075e9 s À1 ), the SHB technique, and the prediction from the constitutive equations for high rates is shown in Fig. 6 . It is well known that using the SHB technique the initial deformation stage is poorly resolved and accurate values of yield strength cannot be obtained. The prediction from the constitutive equations equals the athermal flow stress determined from the quasistatic rate testing at 100 C plus the thermal stress as defined in the equations given in Table 3 . It has been assumed that the stressestrain curves for slip-dominant deformation are parallel to each other upon changing strain rate and temperature; in other words, that only the thermal component of the flow stress is affected by changes in temperature and strain rate. This is a reasonable approximation based on experimental results (e.g. Refs. [9, 11] ). The agreement between the constitutive equations and data obtained from the SHB technique is reasonably good (Fig. 6 ). For HPDC alloys, the stressestrain curves of AM50 and AM60 from the SHB tests showed expected higher yield strength but unexpected lower work-hardening rates than those tested at lower strain rates using the conventional universal test machine. Flow stresses from the SHB tests became lower than those from the universal test machine at strain of 4%e8% for HPDC AM50 and 3%e5% for HPDC AM60, respectively. This reduced workhardening may result from adiabatic heating.
Twinning-dominant deformation
For twinning-dominant deformation, yield strengths over the strain rate range from quasi-static to 2800 s À1 are not sensitive to strain rate and temperature owing to the athermal characteristics of mechanical twinning. Stressestrain curves are compared graphically in Fig. 7 .
Effects of strain rate and temperature on flow stress may become more pronounced with increasing deformation, i.e. with exhaustion of twinning and increasing proportion of slip. Table 4 summarizes the tests performed in this work, the most likely deformation mechanisms based on texture and metallographic examinations and the sensitivity to strain rate and temperature.
Conclusions
Five commercial Mg alloys were tested in uniaxial deformation to determine their flow strength as a function of strain rate, temperature, orientation and loading mode. The following conclusions can be drawn:
1. Non-basal slip-dominant deformation occurs when tension is applied parallel to the basal planes, and was observed for extrusion specimens taken along the extrusion direction (ED) and for sheet specimens loaded in tension along the rolling and transverse directions (RD and TD). Highpressure die castings usually have random textures and fine grains, and the deformation mechanisms of HPDC are slip accommodated by twinning (i.e. primarily-slipdominant). In primarily-slip-dominant deformation, the true stressestrain curves showed approximately powerlaw behavior, and the effects of strain rate and temperature on yield strength could be adequately described by constitutive equations linearly dependent on the rate parameter. 2. In primarily-twinning-dominant deformation, which was observed for extrusion specimens loaded in tension in the TD, and in compression in the ED and the TD, the shape of stressestrain curves depends on the twinning type (i.e. twins producing tension strain or double-twins leading to compression strain in the c-axis direction). The effects of strain rate and temperature on yield and initial flow stress were small or negligible for strain rates from quasi-static to 2800 s À1 owing to the athermal characteristics of mechanical twinning. 
